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Abstract
This study aims at a detailed characterization of an ultra-ﬁne aerosol particle counting
system for operation on board the Russian high altitude research aircraft M-55 “Geo-
physica” (maximum ceiling of 21km). The COndensation PArticle counting Systems
(COPAS) consists of an aerosol inlet and two dual-channel continuous ﬂow Condensa- 5
tion Particle Counters (CPCs).
The aerosol inlet, adapted for COPAS measurements on board the M-55 “Geophys-
ica”, is described concerning aspiration, transmission, and transport losses. The count-
ing eﬃciencies of the CPCs using the chloroﬂuorocarbon FC-43 as the working ﬂuid
are studied experimentally at two pressure conditions, 300 hPa and 70 hPa. Three 10
COPAS channels are operated with diﬀerent temperature diﬀerences between the sat-
urator and the condenser block yielding smallest detectable particle sizes (dp50 – as
50% detection “cut oﬀ” diameters) of 6nm, 11nm, and 15nm, respectively, at ambient
pressure of 70hPa. The fourth COPAS channel is operated with an aerosol heating line
(250
◦C) for a determination of the non-volatile number of particles. The heating line is 15
experimentally proven to volatilize pure H2SO4-H2O particles for a particle diameter
(dp) range of 11nm<dp<200nm.
Additionally this study includes investigation to exclude auto-nucleation of the work-
ing ﬂuid inside the CPCs. An instrumental inter-comparison (cross-correlation) has
been performed for several measurement ﬂights and mission ﬂights in the Arctic and 20
the Tropics are discussed. Finally, COPAS measurements are used for an aircraft
plume crossing analysis.
1 Introduction
High altitude in-situ measurements of ﬁne aerosol particles (dp<100nm) are essen-
tial for studies concerning the atmospheric radiative budget, stratospheric chemistry, 25
polar stratospheric cloud (PSC) microphysics, as well as for comparisons with ground
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based or satellite borne remote sensors. Aerosol particles in the stratosphere play
a clearly diﬀerent role in the atmospheric physico-chemical context than tropospheric
particles. The stratospheric environment is, in a dynamical sense, relatively undis-
turbed compared to the troposphere. The time scale for particle and gas inter-
actions, photo-chemical processes or physico-chemical transformation under quasi- 5
undisturbed stratospheric conditions is larger, i.e. weeks and months, compared to
equivalent processes in the troposphere which last from hours to days (SPARC, 2006).
Seminal work on the subject of stratospheric aerosol was performed by Junge and
co-workers leading to the discovery of an Earth spanning stratospheric aerosol layer
and to the investigation of the stratospheric aerosols content (Junge et al., 1961; Junge 10
and Manson, 1961; Junge, 1961). Until today numerous studies were performed to in-
vestigate the origin of aerosol particles at stratospheric altitudes, their stratospheric
lifetimes as well as their physical behavior, e.g. scattering of solar radiation, and there-
fore their possible eﬀects on the global radiation budget (see e.g., SPARC, 2006 and
references therein). Due to the fact that stratospheric aerosol particles scatter solar ra- 15
diation, these particles exert a signiﬁcant inﬂuence on the stratosphere’s radiation bud-
get, and on the Earth’s planetary albedo (Hamill et al., 1997 and references therein).
Another important objective of investigations is to determine the quantitative and qual-
itative contribution of aerosol particles to chemical transformation processes in the
stratosphere. The particles provide the essential surfaces for several chemical reac- 20
tions (Prather and Rodriguez, 1988; Peter, 1997). For example, stratospheric aerosol
particles play a signiﬁcant role in heterogeneous processes forming reactive chemical
species which are known to participate in ozone depletion (Peter, 1997; Borrmann et
al., 1997; Voigt et al., 2000, 2005).
Episodic explosive volcanic eruptions (e.g., El Chich´ on in Mexico, 1982, or Mount 25
Pinatubo on the island of Luzon, Philippines, 1991) can contribute signiﬁcantly to the
stratospheric aerosol mass (e.g., up to 30 Mt of additional aerosol material by the 1991
eruption of Mount Pinatubo, WMO, 1995) with signiﬁcant inﬂuence on the Earth’s cli-
mate over a period of years after such an eruption (e.g., Hofmann and Solomon, 1989;
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Wilson et al., 1993; J` onsson et al., 1996; Borrmann et al., 2000; Deshler et al., 2003).
Within ﬁve to seven years the stratospheric pre-eruptive condition is reached again
(Deshler et al., 2003) due to particle sink processes such as sedimentation into the
lowermost stratosphere (LS) and dynamic exchange with the upper troposphere (UT)
(Holton et al., 1995). Additionally, subsiding air masses inside the polar winter vor- 5
tex remove particles from the stratosphere (Holton et al., 1995; Curtius et al., 2005).
Nevertheless, so far the processes that lead to the maintenance of a quasi constant
background concentration of stratospheric aerosol in periods of volcanic quiescence,
as observed e.g., by Ansmann et al. (1996), are not fully understood and are the sub-
ject of numerous other studies (e.g. Brock et al., 1995; Murphy et al., 1998; Deshler 10
et al., 2003; Notholt et al., 2003; Murphy et al., 2007; etc.). Recent interest in the
physicochemical properties and spatial/temporal evolution of the stratospheric aerosol
layer was sparked by the suggestion to artiﬁcially enhance this layer to achieve in-
creased shortwave reﬂection for partially compensating the global warming (Crutzen,
2006; Cicerone, 2006; Bengtsson, 2006). 15
A major fraction of the stratospheric aerosol is assumed to consist of ∼75-weight-
percent solution of sulfuric acid and water (H2SO4/H2O) (Rosen, 1971; Arnold et al.,
1998; Murphy et al., 2007). Besides H2SO4-H2O particles, also refractory compounds
are found in stratospheric particles, such as soot (or other refractory carbonaceous
material), meteoric material and volcanic ashes (Turco et al., 1982; Murphy et al., 1998; 20
Cziczo, 2001; Curtius et al., 2005; Murphy et al., 2007). Particularly the refractory
material might have a signiﬁcant impact on various processes such as PSC activation
in the polar winter vortex (Peter, 1997; Murphy et al., 1998; Curtius et al., 2005; Voigt
et al., 2005; Murphy et al., 2007).
Since 2002, the University of Mainz and the Max Planck Institute for Chemistry in 25
Mainz (Germany) developed and operated two separate units of aircraft-borne dual-
channel condensation particle counters (CPCs), the COndensation PArticle counting
Systems (COPAS), on board the high altitude research aircraft M-55 “Geophysica”
(http://emz-m.ru/M55-e.htm). The terminus of two dual-channel CPCs is used in this
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study to refer to two independent units, each containing two coupled CPCs. For tech-
nical reason two CPCs are thermally coupled in each of the two COPAS units by a
common heat sink. Additionally, the two COPAS units are operated with one aerosol
inlet, each. Therefore, the altogether four COPAS channels can not be considered to
be independent CPCs. 5
In recent years, several measurement campaigns with participation of COPAS al-
lowed for intensive studies of ultra-ﬁne particles in the UT/LS. More than 11 years after
the last massive volcanic eruption of Mount Pinatubo these campaigns provided the
opportunity to investigate the stratospheric aerosol under undisturbed conditions using
aircraft-borne measurements. Therefore the COPAS CPCs were operated in the Arctic, 10
the mid-latitude and the tropical UT/LS.
The COPAS instrument was originally based on a CPC design developed by the
University of Denver (USA) for measurements on board the NASA ER-2 (Wilson et al.,
1983). However, the operation on board the M-55 “Geophysica” – especially under
the environmental conditions in the tropics – required major modiﬁcations of the instru- 15
mental setup and the data management (cf. Sect. 2). Two almost identical versions
of the dual-channel COPAS instruments have been built and operated simultaneously
on board the M-55 “Geophysica”. The two COPAS instrument units provide altogether
four CPC channels. One goal is given by the fact that two COPAS units with two chan-
nels each were implemented at diﬀerent positions on board of the M-55 “Geophysica”. 20
The obvious drawback of thus having to provide two separate inlets, thermal control
systems, power supplies etc. turned out to be advantageous for example in case of
electrical failures. Also the independent measurements of such disjoint units provide
additional credibility to the data. The information from these four CPC channels is used
to obtain a) the total number concentration of particles with diameters larger that 11 nm, 25
b) the number concentration of ultra-ﬁne particles (with diameters 6 nm<dp<15 nm) by
operating two CPCs with diﬀerent temperatures of the saturator and the condenser,
and c) the concentration of stratospheric aerosol particles with refractory cores larger
that 11 nm diameter by using an aerosol heating line upstream of one COPAS channel.
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This study provides the ﬁrst detailed description as well as a comprehensive charac-
terization of the CPCs counting eﬃciency and other critical instrument parameters at
the relevant atmospheric conditions. For several CPC models (e.g., by TSI Inc.) there
is information on their performance at reduced pressures available in the literature
based on experimental as well as theoretical work (Heintzenberg and Ogren, 1985; 5
Dreiling and Jaenicke, 1988; Saros et al., 1996; Zhang and Liu, 1990; Cofer et al.,
1998; Noone and Hansson, 1990; Zhang and Liu, 1991; Herrmann and Wiedensohler,
2001, and Herrmann et al., 2005). A detailed description of both, the instrumental de-
velopment and the instrument performance of those CPCs at reduced operating pres-
sure, is given by Hermann and Wiedensohler (2001) who also provided a description 10
of a low-pressure calibration setup. This setup allows for generating diﬀerent aerosol
particles of speciﬁc size in suﬃcient quantities and for operating at a pressure range
from 1000 hPa down to 50 hPa. All experimental characterizations presented in this
study concerning the pressure dependent counting eﬃciencies of the COPAS CPCs
were carried out at the Leibniz Institute for Tropospheric Research, Leipzig, Germany. 15
The characterization included also coincidence studies, as the coincidence eﬀect is
strongly dependent on the individual CPC design. Furthermore, the possibility of auto-
nucleation – the formation of new particles from the supersaturated working liquid in
absence of ambient aerosol particles inside the CPC – was analyzed. To correct the
measured particle concentrations for inlet losses, the aerosol inlet system, which is 20
exclusively used for the COPAS measurements on board the M-55 “Geophysica”, is
described taking into account aspiration, transmission, and transport.
Also subject of the experiments was to characterize the vaporizing properties of
the aerosol pre-heating device. Previous work on volatilization properties of aerosols,
particularly oriented to the stratospheric H2SO4-H2O aerosol component, has been 25
performed e.g. by Rosen (1971); Deshler et al. (1993) and Brock et al. (1995).
Furthermore, a correlation of the diﬀerent COPAS CPC channels for six measure-
ment ﬂights was analysed, when the CPCs were operated at identical temperature
settings and therefore identical threshold diameters. As another example two research
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ﬂights were chosen, one of measurements in the Arctic and one from studies in tropical
regions, to demonstrate the instrumental performance and possible outcome as well as
the limits of the COPAS operation, particularly with respect to the ﬂight altitude. Finally,
two crossings of the M-55 “Geophysica’s” own exhaust at altitudes of 16–18 km were
used to estimate the particle emission index for diﬀerent aerosol size classes emitted 5
by the M-55 “Geophysica” as an example for immediate use of COPAS data.
2 Details of the instrumental design
The COPAS CPCs are thermo-diﬀusion-type counters which are usually operated with
butanol (C4H9OH) or FluorInert FC-43 ((C4F9)3N), a commercially available ﬂuorocar-
bon, as working ﬂuids. The process of thermo-diﬀusion in the condenser volume leads 10
to supersaturation followed by particle growth up to sizes at which the particles are
suﬃciently large to be optically detected. To allow for continuous sampling with a fre-
quency ≤1 Hz and precise measurements at particle concentrations <100 cm
−3, this
working principle is used for COPAS instead of expansion-type CPCs (e.g. Scholz,
1931 and 1932; Junge, 1935 and 1961; Jaenicke and Kanter, 1976; Wagner, 1982; 15
Szymanski and Wagner, 1983; Yang, 1999; K¨ urten et al., 2005).
Commercially available CPCs usually have threshold diameters – which is the small-
est diameter dp50 at which 50% of the existing particles are still detected – between 2.5
and 20 nm. CPCs used on research aircraft in the past usually had threshold diameters
of 3–10 nm (e.g. Wilson et al., 1983; Dreiling and Jaenicke, 1988; Brock et al., 1995; 20
Hermann and Wiedensohler, 2001; Minikin et al., 2003). For laboratory applications
and ground-based ﬁeld measurements it was demonstrated that particles smaller than
1.2 nm can be detected with CPCs (Sgro and de la Mora, 2004; Kulmala 2007; Sipil¨ a
et al., 2008). Reviews on the general designs and the development of diﬀerent types
of CPCs are available from McMurry (2000) and Spurny (2000). 25
The COPAS operation principle with actively controlled volumetric sample air ﬂow is
shown in Fig. 1. The dual channel COPAS is equipped with one aerosol inlet. Thus, the
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total incoming airﬂow is split into two CPC ﬂows (cf. general COPAS unit ﬂow scheme
box in Fig. 1). In each CPC channel, the incoming airﬂow is split again into two sub-
ﬂows. The major part of the ﬂow (∼90%) is cleaned from aerosol particles by a total
aerosol ﬁlter. Subsequently, the cleaned air becomes saturated with the vapor of the
working liquid in the saturator chamber which is maintained at a constant temperature 5
(COPAS-I: both channels 32
◦C; COPAS-II: 24
◦C and 40
◦C for channel one and two,
respectively). The remaining fraction of the incoming air (∼10%) is the sample ﬂow
which carries the aerosol particles. The minor ﬂow passes a capillary with a nozzle-
shaped tip. At the exit of this capillary the two subﬂows – the sample ﬂow and the
particle-free, saturated air – are merged again. The saturated airﬂow now acts as a 10
sheath ﬂow which focuses the sample ﬂow into the condenser and thus helps to avoid
particle losses due to turbulences, diﬀusion, and thermophoretic eﬀects (Wilson et al.,
1983). In the condenser the total air ﬂow is cooled to temperatures of 2
◦C (COPAS-
I) and 7
◦C (COPAS-II) leading to a supersaturation of the working ﬂuid vapor. This
supersaturation drives the growth of the aerosol particles to sizes that are detectable 15
by a suitable photo-optical sensor (equipped with a 50 mW laser diode, wave length
λ=780 nm) which is comparable to the detector of the CPC TSI model 3760 (cf. TSI
Incorporated, 2002).
The total ﬂow rates of the COPAS units are monitored by use of diﬀerential pres-
sure sensors at the sample ﬂow capillary and the common exhaust line for both CPCs. 20
The automated ﬂow regulation (with 10 Hz integration loop frequency) of each CO-
PAS instrument controls the air pump frequency (and therefore the ﬂow rate of both
CPCs of one COPAS) according to settings which can be described by the linear re-
lation y=a·x+b of total standard volume ﬂow rate (y) in cm
3 min
−1 as a function of
ambient pressure (x) in hPa with the parameters for COPAS-I: a=2.09, b=40.60 and 25
COPAS-II: a=2.23, b=36.56. The automated ﬂow regulation generally works within an
accuracy range of ±15%. However, if ascent and descent rates of the airborne plat-
form signiﬁcantly exceed 10 ms
−1 the diﬀerential pressure measurement shows dis-
turbances, probably caused by turbulent ﬂow conditions within the ﬂow measurement
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volume. Irregular ﬂow measurements have direct inﬂuence on the air ﬂow regulation
and therefore on the instrumental performance (cf. Sect. 8).
The diﬀerential pressure measurement requires a calibration related to the volume
ﬂow rate, which is dependent on the pressure conditions. A bubble ﬂow meter was used
to calibrate the ﬂow rate derived from the changes of measured diﬀerential pressure of 5
each COPAS channel in the pressure range of 1000–50 hPa (Weigel, 2005).
2.1 Adaptation to airborne operation
The COPAS CPCs – intended for aircraft-based applications at altitudes up to 21 km
– have to fulﬁll special instrumental requirements such as operating pressures down
to 50 hPa and temperature conditions from +50
◦C (at an airﬁeld’s runway) down to 10
−90
◦C in the UT/LS and changes between these extremes within 20min. The instru-
ments on board the M-55 “Geophysica” are not mounted inside a pressurized, air-
conditioned cabin and thus subjected to such changes in ambient conditions. Important
properties of the COPAS instruments are:
– The saturator of each COPAS channel is equipped with an active heating device. 15
Thus the saturator temperature is maintained at its set-points within ±0.5
◦C during
a complete ﬂight (in the Arctic as well as in tropical regions).
– FluorInert (FC-43) is preferably used as the working liquid instead of butanol. In
particular, for CPC applications at high altitudes with pressure conditions below
400 hPa the use of FC-43 is favored due to its better performance (Hermann et 20
al., 2005) (cf. Sect. 8) and has also been used on the NASA ER-2 (J. C. Wilson,
University of Denver, Colorado, USA, personal communications, 2003).
– Peltier elements are used for the cooling of the condenser, with their warm sides
being cooled by a low viscosity silicone oil circuit. Because of the low pressure
conditions at high ﬂight altitudes, the use of conventional air-cooled heat sinks 25
proved not to be suﬃcient to prevent overheating of the Peltier elements and
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several diﬀerent designs of such cooling systems failed during M-55 “Geophys-
ica” ﬂights. A custom-designed oil circuit is running through the shaft of the inlet
probe, where the oil is eﬃciently cooled (Fig. 2). Minimum oil temperatures of
<−37
◦C are reached during ﬂight at ambient temperatures of <−70
◦C (UCSE –
Uniﬁed Communications for Systems Engineer – recorded and processed by the 5
M-55 “Geophysica” operator, Myasishchev Design Bureau, Moscow, Russia). For
such low oil temperatures the Peltier elements are only used for adjusting the tem-
perature to a certain set point while they can be operated in both modes, cooling
and heating. This setup, together with thermal isolation allows for maintaining the
COPAS condenser temperature within ±0.5
◦C as was determined experimentally 10
during the ﬂights.
– The air ﬂow through the COPAS unit is regulated by a frequency-controlled air
pump (Brey G12/02-8) according to ambient pressure variation with 10 Hz inte-
gration loop frequency at standard temperature and pressure (STP).
– The data acquisition and control of COPAS is achieved by custom-made electron- 15
ics. Data are typically recorded with 1 Hz frequency on ﬂash memory (PCMCIA
card).
2.2 The inlet probe
The inlet probe for measurements on board the M-55 “Geophysica” consists of three
parts, the base plate, the shaft, and the inlet head. Figure 3 shows a schematic drawing 20
of the diﬀerent parts and photographic images of the implementation.
For the COPAS measurements on board the M-55 “Geophysica” a diﬀuser-type, non-
shrouded inlet with sharp-edged inlet lips was used (with diﬀuser cone half-angle of
2.9
◦). This inlet is a custom-made reproduction in accordance to the original inlet de-
sign which was used on board the NASA ER-2 and which is described in detail by 25
Wilson et al. (1992). For the M-55 “Geophysica” additional modiﬁcations were neces-
sary in particular with respect to the angle of attack and the airﬂow around the aircraft
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hull.
The shaft length of 300 mm insures an aerosol probing well outside the boundary
layer of the aircraft M-55 “Geophysica” (Myasishchev Design Bureau, Moscow, Russia,
M-55 Aircraft Technical Design Speciﬁcation documents). Beside the aerosol sampling
line and the exhaust tube the shaft contains the oil cooling circuit (cf. Sect. 2.1). 5
2.3 The condenser cooling oil circuit
The graphics in Fig. 2 show the measured oil temperature during a ﬂight in tropical
region (12 February 2005, TROCCINOX mission, Arac ¸atuba, Brazil) as an example
for extreme ambient temperature conditions inﬂuencing the COPAS measurement per-
formance. The ambient temperatures as well as the oil temperatures are shown as a 10
function of ﬂight altitude. From the temperature proﬁles it becomes obvious that high
ambient temperatures on the ground caused oil temperatures of up to 33
◦C. The oil
temperature remained above 10
◦C until ﬂight altitudes of 12 km. At 12 km altitude
an oil temperatures of 10
◦C is reached for which the condenser temperature is in the
range of given settings as also for the rest of this ﬂight. 15
For oil temperatures above 10
◦C the condenser temperatures are out of range and
according measurement data have to be discarded from further analysis (cf. Sect. 8).
So, for future missions, in particular at regions of high air temperature a cooling of the
whole COPAS system prior to a ﬂight is going to be considered.
3 Determination of COPAS sampling characteristics 20
The performance of an aerosol inlet system can be described by the inlet particle
sampling eﬃciency (aspiration and transmission) and the transport eﬃciency through
the sampling lines to the instruments (Baron and Willeke, 2001). The aspiration is
related to the fraction of the ambient particles which enter the aerosol inlet, while the
transmission eﬃciency denotes the particle fraction that passes through the inlet. The 25
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transport eﬃciency is determined by the particle losses in the sampling line between
the inlet and the instrument and describes the fraction of particles that are able to reach
the detection chamber. The following three sections describe the sampling eﬃciency
of the COPAS aerosol inlet and the aerosol sampling line transport eﬃciency.
3.1 Aspiration eﬃciency of the COPAS aerosol inlet 5
For representative measurements an aerosol probe must sample well outside of the
aircraft boundary layer and outside of zones of shadow or enhancement for particles
caused by the aircraft hull. These conditions are met for both COPAS positions on
board the M-55 “Geophysica”.
For isoaxial sampling the speciﬁc angle of attack of an aircraft has to be counter- 10
vailed by alignment of the aerosol inlet. Assuming a mean angle of attack of 7
◦ for
the M-55 “Geophysica” the alignment of the COPAS aerosol inlet generally meets the
requirement of isoaxial sampling. Discrepancies from the isoaxial alignment of the CO-
PAS aerosol inlet which are in the range of ±1.5
◦ can be neglected for sub-micrometer
particle sampling since aerosol losses particularly are a function of particle inertia. Par- 15
ticle loss based on anisoaxial sampling gets signiﬁcant for larger particles and droplets
(Herrmann et al., 2001).
To evaluate the isokinetic property of the COPAS aerosol inlet 2-D CFD modeling
studies with FLUENT were performed by Walter (2004). For the calculations com-
pressible gas properties were assumed considering the maximum ﬂight speed of the 20
M-55 “Geophysica” of up to Mach 0.7 (Myasishchev Design Bureau, 2002).
Figure 4 shows CFD model results obtained by Walter (2004) for the ﬂow veloc-
ity around the inlet head for a mean aircraft cruising velocity of 170ms
−1. From this
graphic it can be seen that the air velocity is already decelerated down to 140ms
−1
at the entrance of the inlet head indicating that the sampling with the COPAS aerosol 25
inlet is slightly sub-isokinetic (ratio of the free air velocity and the ﬂow velocity inside
the aerosol inlet R=1.2).
Further deceleration of the air ﬂow inside the inlet head yields a ﬂow velocity of
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about 60ms
−1 at the point where the inner probe is located (Walter, 2004). A pressure
dependent total standard volume sample ﬂow rate between approximately 2.2 l min
−1
(STP) (at 1000 hPa) and 0.15 l min
−1 (STP) (≈3.0 l min
−1 at 50 hPa) for both COPAS
CPCs (cf. Sect. 2) enters the inner probe which has an inner diameter of 1.35 mm.
Thus, considering the ﬂow rate under ambient pressure conditions, this yields an air 5
ﬂow velocity at the probe entrance of approximately 35 m s
−1. With the result of the
inlet head air velocity of 60 m s
−1 again a sub-isokinetic sampling can be concluded
for the probe diﬀuser (R=1.7).
For calculation of the aspiration eﬃciency Ea the equations from Hangal and Willeke
(1990) are used for ambient pressure of 50 hPa, considering that any anisokinetic 10
eﬀect has the largest impact on particle losses at lowest pressure conditions. Calcu-
lations were made related to the probe head entrance assuming R=1.2 and for the
probe inlet with R=1.7 as the ratios of air ﬂow velocities. The sampling conditions are
sub-isokinetic at the inlet head entrance as well as at the probe itself which becomes
signiﬁcant for particle sizes well above dp=500 nm. However, as the particle number 15
concentration in the UT/LS is strongly dominated by the sub-micrometer particles of
dp<500 nm (Deshler et al., 2003; Thomas et al., 2002) the results indicate that here,
at UT/LS altitudes, the obtained aspiration eﬃciency of the inlet has negligible impact
on the measurement with COPAS.
3.2 Transmission eﬃciency 20
The COPAS aerosol inlet has sharp-edged inlet lips and an inlet cone half-angle of
2.9
◦, which is small enough to prevent ﬂow separation inside the diﬀuser.
Hermann et al. (2001) provide results of wind tunnel experiments with an aircraft-
borne aerosol inlet. They showed that in the range of interest the transmission is
independent from the Reynolds-number and that the transmission eﬃciency of their 25
inlet decreased for particles larger than 200 nm, reaching zero at about 3 µm. Such
wind tunnel experiments have not been performed for the COPAS aerosol inlet. We as-
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sume that the ﬁndings for the inlet by Hermann et al. (2001) can be transferred to our
inlet as it represents a very similar non-shrouded diﬀuser-type inlet head with a rather
sharp-edged inlet entrance. Although the sampling inside the inlet head of their sys-
tem is realized by a backward facing probe, in contrast to the COPAS-inlet, Hermann
et al. (2001) showed transmission eﬃciencies well above 75% for submicron particles. 5
Considering that the particle number concentration in the UT/LS is relatively small for
particles with diameters dp>1 µm (Deshler et al., 2003; Thomas et al., 2002) the trans-
mission of the COPAS aerosol inlet can be estimated to be about 1 for dp<500 nm and
better than 0.75 for the sub-micron particle size range of 500 nm<dp<1 µm.
3.3 Transport eﬃciency 10
The transport through the COPAS aerosol tubes causes particle losses due to diﬀusion,
particularly in the size range 1 nm<dp<100 nm. For the diﬀusional loss mechanism,
the particle fraction that penetrates the aerosol lines can be calculated using empirical
equations given by Baron and Willeke (2001) and Hinds (1999).
In the M-55 “Geophysica” system aerosol particles ﬁrst have to pass a distance of 15
900 mm inside a stainless steal tube with inner diameter of 4 mm from the probe
entrance to the COPAS counters (aerosol residence time inside these tubes ranges
between 0.2 and 0.9s). For the calculations a temperature T=223.2 K and a pressure
range of 600 hPa–70 hPa were assumed for the particle size range 1 nm<dp<1 µm.
For the calculations the volume ﬂow rate was varied between 1.64×10
−5 m
3 s
−1 and 20
3.94×10
−6 m
3 s
−1.
For the heated COPAS channel only, the aerosol particles have to pass an additional
tube distance with a total length of 1300 mm of variable inner tube diameter (from
4 mm for a length of 150 mm, to 10 mm for a length of 1000 mm, to 4 mm for a length
of 150 mm). The stainless steel tube is bent twice, a 180
◦ bend with bend diameter 25
of 300 mm and a 90
◦ bend with a bend diameter of 100 mm. Furthermore, a heating
temperature of 523.2K must be considered in the calculations.
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In Table 1 the results of the diﬀusional loss calculations are summarized separately
for the regular (non-heated) and the preheated aerosol sampling line as function of
operating pressure and particle size. Apparently the measured numbers of aerosol
particles with sizes smaller than 10 nm roughly represent the ambient particle num-
ber within a factor of two. The count results from the heated channel are interpreted 5
to show signiﬁcant features if the diﬀerence in particle number between heated and
unheated channel with 10 nm cut oﬀ size is larger than 10%.
A general problem arises from the fact that any size dependent correction of the
measured particle number concentration related to the particle losses and the count-
ing eﬃciency of COPAS requires the knowledge of the initial aerosol size distribution. 10
Corrections for the particle number concentration are impossible without that knowl-
edge. But for the measurement of the ultra-ﬁne nucleation-mode particles, a correction
is feasible.
For the ﬁeld measurements, the COPAS CPCs are operated with diﬀerent lower
threshold diameters and by subtracting the readings of two COPAS CPCs, for example 15
the two channels of COPAS-II, with dp50≈6 nm (⇒ n6) and with dp50≈15 nm (⇒ n15),
the number concentration of particles in the size range between 6 and 15nm (n6−15)
can be determined. According to the empirical equations by Baron and Willeke (2001)
and Hinds (1999) particle losses can be calculated and averaged as a mean particle
loss for the complete fraction of particles between 6 and 15 nm (Table 3). The particle 20
number concentration n6−15 has to be corrected with the calculated correction factor
κL dependent on the pressure condition of <150 hPa, 150–300 hPa, and >300 hPa,
respectively.
4 Determination of COPAS detection and counting characteristics
The ratio between the detected (ndet) and the real (nreal) particle number concentration 25
at a given particle size is deﬁned as the counting eﬃciency η(dp) of a particle counter.
From the counting eﬃciency at η(dp)=50% the “smallest” detectable particle size (cut-
335AMTD
1, 321–374, 2008
Characterization of
high altitude CPC
and case studies
R. Weigel et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
oﬀ or threshold diameters), denoted as dp50, can be determined in dependency on the
supersaturation which can be adjusted within a certain range by changing the temper-
ature diﬀerence ∆T between the saturator (TSat) and the condenser (TCond).
An additional important parameter for CPC characterization is the pressure depen-
dent maximum asymptotic counting eﬃciency. This parameter describes the plateau 5
value of the counting eﬃciency for larger aerosol particles. Hermann and Wiedensohler
(2001) showed for the Model 7610 (TSI Inc.), operated with butanol, that the maxi-
mum asymptotic counting eﬃciency decreases signiﬁcantly with decreasing pressure
for pressures below 300 hPa. However, Hermann et al. (2005) showed an opposite
behavior for FC-43 used as working ﬂuid inside the same CPC type. 10
Silver (Ag) particles were used in this study to determine the counting eﬃciencies
of the COPAS CPCs, as Ag particles can be produced more easily in suﬃciently high
number concentration for particle diameters of a few nanometers (<4 nm). Silver par-
ticles can be generated in nearly spherical shape, they are physically stable as well as
inert with respect to chemical reactions. 15
The calibration set-up used for the COPAS characterization is described in detail by
Hermann and Wiedensohler (2001) and Hermann et al. (2005). The calibration aerosol
is charged by a neutralizer (
241Am source) and a monodisperse fraction is selected by a
Diﬀerential Mobility Analyzer (DMA, Vienna-type, short) (Hermann and Wiedensohler,
2001). The COPAS CPC is positioned parallel to an Aerosol Electrometer (AE) used 20
as the reference counter. In an Aerosol Electrometer the aerosol particles are sam-
pled on a total particle ﬁlter which is placed inside a Faraday cup. Charged particles
deposited on the ﬁlter are detected by measuring the displacement current that results
between the grounded housing and the Faraday cup (for details cf. TSI Incorporated,
2003 and references therein). For particles with dp<20 nm the displacement current 25
is directly proportional to the particle number concentration, assuming that each par-
ticle of this size carries only single electrical charge. For larger particles, the eﬀect
of multiple charges has to be considered. For the relevant particle size range within
this study (4 nm<dp<35 nm) uncertainties stay below 5%. Both instruments are op-
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erated inside the low pressure part of the calibration set-up at pressures from 1000 to
50 hPa depending on instruments and ﬂow rates used. For the COPAS characteriza-
tion pressures from 70 hPa to 300 hPa were covered. The operating temperatures of
the COPAS-I were TSat=32
◦C and TCond=2
◦C (⇒ ∆T=30
◦C), common for both chan-
nels. The channels 1 and 2 of COPAS-II were operated with TSat=24
◦C and TCond=7
◦C 5
and TSat=40
◦C and TCond=7
◦C (⇒ ∆T1=17
◦C and ∆T2=33
◦C), respectively.
Figure 5a–d shows the results of the characterization of both COPAS CPCs for a par-
ticle sizes range of 5 nm<dp<35 nm for two pressure conditions, 70 hPa and 300 hPa.
The curves represent linear interpolations between two consecutive values. The error
bars on the x-axis represent theoretical values of the bandwidth of the DMA transfer 10
function. The error bars on the y-axis display the standard deviation from the measure-
ment mean. For each particle diameter and both pressure conditions four measure-
ment points were recorded.
Table 3 summarizes the resulting dp50 for the COPAS channels for two pressure
conditions. For the ﬁeld measurements, the two channels of COPAS-I, with very simi- 15
lar cut-oﬀs at dp50≈11 nm, are used to study the refractory fraction of the total particle
number concentration. The diﬀerence in the eﬃciency characteristic between the two
COPAS-I channels results from the mounted (but not heated) heating line at channel 1
(see Fig. 5a). Two eﬀects can be observed due to the elongated aerosol tube – a shift
of dp50 to larger sizes and a decreased maximum asymptotic counting eﬃciency for 20
channel 1 (7–12% lower compared to channel 2). These eﬀects are caused by addi-
tional particle losses. Thus, in particular the decreased maximum asymptotic counting
eﬃciency yields a correction of the heated channel measurements of generally not
more than 10%.
The channels of COPAS-II have signiﬁcantly diﬀerent cut-oﬀs, dp50≈12 nm (at 25
70 hPa) for channel 1 (with increasing atmospheric pressure up to dp50≈19 nm (at
300 hPa) and dp50≈6 nm for channel 2, nearly independent of pressure. For sake of
simplicity, also a pressure independent mean cut-oﬀ of dp50=15nm for channel 1 is
used generally. The diﬀerence between the two COPAS II channels is used to inves-
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tigate the occurrence or absence of freshly nucleated aerosol particles in the atmo-
sphere.
The accuracy of the COPAS measurements within the particle size range
6 nm<dp<35 nm was determined from the characterisation experiments. For both
pressure conditions, 70 hPa and 300 hPa, the repeated measurements yield values of 5
mean standard deviation for each COPAS channel which are listed in Table 3. Gener-
ally, the variability ranges between ±9% and ±3%. The values of ±14.2% and ±11.6%
for the COPAS-I calibration at 70 hPa are regarded as outliers due to a relatively low
number concentration of generated calibration aerosol. Unfortunately, these measure-
ments could not be repeated with higher particle concentration. However, a general col- 10
lective accuracy of the COPAS instruments over the particle size range 6 nm<dp<1 µm
is estimated to be within ±10%. This value was obtained from the previous experimen-
tal and analytical results and from comparison with other laboratory CPCs using the
same threshold limits as COPAS.
5 Coincidence and auto-nucleation 15
“Coincidence” describes the classiﬁcation of two or more particles simultaneously
present in a detection volume and therefore registered as one single particle (Raasch
and Umhauer, 1984). For enhanced aerosol concentration the true particle number
concentration nt can be determined from the measured particle number nm (Jaenicke,
1970 and 1972; Hermann and Wiedensohler, 2001): 20
nt = nM · exp(nt · Q · t)=nM · exp(nt · c) (1)
where: Q = volume ﬂow rate in cm
3 s
−1
t = residence time of a particle in the detector in s
c = coincidence parameter Q·t in cm
3.
This implicit function can be solved by a Taylor expansion of second order (Eq. 2) 25
which causes an error of less than 2% for particle number concentrations up to
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5×10
4 cm
−3 for the CPC TSI Model 7610 (Hermann and Wiedensohler, 2001).
nt =
1
c2 ·

1
nM
− c

−
s
1
c2 ·

1
nM
− c
2
−
2
c2 (2)
For higher particle number concentrations Eq. (1) can be solved iteratively (Jaenicke,
1970). Using Eq. (2), the coincidence parameter of the optical detector c=10
−5 cm
−3
(TSI Incorporated, 2002), and the volume ﬂow rates and residence times of the COPAS 5
CPCs (Table 4), the coincidence eﬀect in the COPAS CPCs can be calculated. It can
be concluded that at particle number densities below roughly 10
4 cm
−3 coincidence
is not seriously inﬂuencing the counting results. Such high concentrations are rarely
encountered in the UT/LS. In cases the measured particle number concentration sig-
niﬁcantly exceeds 10
4 cm
−3 the measurements with COPAS have to be corrected by a 10
factor κC which is parameterized by κC=exp(1.23×10
−5×nM).
Auto-nucleation occurs in a CPC when the supersaturation of the working ﬂuid
vapour reaches the point that new particles are formed from the ﬂuid’s gas phase
by homogeneous nucleation (e.g. H¨ ameri, et al. 1995). In particular, at low pressure
conditions and for high temperature diﬀerences ∆T this eﬀect can cause signiﬁcant 15
measurement errors. Furthermore, the occurrence of auto-nucleation depends on the
speciﬁc CPC design. Therefore, the COPAS CPCs were studied concerning the prob-
ability that auto-nucleation generates new particles inside the instrument. Using the
same calibration set-up as described in section 4 and by Hermann and Wiedensohler
(2001), particle-free air was led to both COPAS instruments at an operating pressure 20
of 50 hPa. The temperature diﬀerence ∆T was increased stepwise to check at which
point auto-nucleation starts to occur. At 50 hPa signiﬁcant particle concentrations, i.e.
n>10 cm
−3, were not observed until a ∆T of 42
◦C was reached. At 100 hPa, auto-
nucleation occurred only for ∆T>47
◦C. Therefore, for the range of temperature diﬀer-
ences used for the COPAS instruments (17–33
◦C), the process of auto-nucleation can 25
be excluded.
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6 The particle volatilization eﬃciency of the heated channel
The heating line is equipped with a temperature controller to keep the heating tempera-
ture stable within ±5% accuracy related to the setting of 250
◦C. The volatizing behavior
of the COPAS heating line was studied by laboratory experiments using a pure H2SO4-
H2O calibration aerosol. To avoid contamination of the pure H2SO4-H2O aerosol care 5
was taken to work at very clean conditions. For instance, contaminations of gaseous
ammonia are easily taken up by the acidic particles and reactions with H2SO4 form
quickly ammonium sulfate ((NH4)2SO4). Ammonium sulfate is not entirely evaporated
at the temperature of 250
◦C inside the aerosol heating line and therefore artifacts may
occur. Prior to the measurements, all inner surfaces of the stainless steel tubes of the 10
calibration setup were treated with citric acid (C6H8O7). High purity nitrogen (N2) was
used exclusively as the carrier gas for the particles. The H2SO4-H2O particles were
generated with a particle generator (Middlebrook et al., 1997; B¨ ottger, 2000) by heating
a small reservoir of 90 weight-percent solution of pure H2SO4 and H2O.
The freshly generated polydisperse aerosol was separated with an electrostatic clas- 15
siﬁer (Model 3080N, TSI Incorporated) and the size-selected calibration aerosol was
transferred into a variable low pressure sampling volume via a critical oriﬁce. The
COPAS-I instrument with one heated and one regular channel was connected to that
aerosol chamber. For these experiments the results from the heated channel were
compared with the measurements from the non-heated channel of the same COPAS 20
instrument, where both channels have a dp50 of ∼11 nm (see Fig. 5a and b). First
studies at 70 hPa showed that particles with dp=50 nm were volatilized to sizes smaller
than the dp50 of COPAS-I already at heating temperatures of 176
◦C. To insure the total
volatilization of particles with sizes dp>50 nm the temperature of the COPAS aerosol
heating line was set to 250
◦C. For three pressure conditions, i.e. 70 hPa, 150 hPa, 25
and 300 hPa, the heating eﬃciency was characterized for pure H2SO4-H2O aerosol
particles in the size range of 20 nm<dp<200 nm. The results of the heating line char-
acterization are shown in Fig. 6. It can be concluded that at an operation temperature
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of 250
◦C and over the pressure range 70–300 hPa the aerosol pre-heater volatilizes
more than 98% of the H2SO4-H2O particles. Although, we were not able to generate
H2SO4-H2O particles of sizes larger than 200 nm within this study it can be assumed
from laboratory as well as ﬁeld study experience that this volatilization eﬃciency of the
aerosol pre-heater is also valid for particles with dp>200 nm. This concept has been 5
successfully applied for the diﬀerentiation of pure stratospheric sulphuric acid droplets
from droplets containing residues of meteoric ablation (Curtius et al., 2005).
7 Characterization experiments during high altitude ﬂight operation
A cross-correlation of the COPAS CPCs (see Fig. 7) was performed to demonstrate
the coherence of the measurements and to provide in-ﬂight quality control. Therefore 10
the data of altogether six measurement ﬂights were used when all three unheated CO-
PAS channels were operated on the M-55 “Geophysica” with identical settings. During
these ﬂights all COPAS CPCs were operated with butanol as working ﬂuid and with
common diﬀerential temperature ∆T and therefore with the same cut-oﬀ diameters of
dp50≈10 nm (Curtius et al., 2005). The correlations were obtained using 15-s running 15
averaged data of particle number concentration by (1.) inter-comparing the two CPC
channels contained inside COPAS-II (Fig. 7a) and by (2.) cross-comparing one CPC
channel from COPAS-I with one channel from COPAS-II, respectively (Fig. 7b). In both
cases the correlation coeﬃcients with 0.996 (Fig. 7a) and 0.985 (Fig. 7b) illustrate a
high level of consistency between the COPAS CPCs. 20
8 Examples of vertical proﬁles measured at arctic and tropical latitudes
In Fig. 8 vertical proﬁles of the particle number concentration of two randomly chosen
ﬂights demonstrate the outcome of measurements with the COPAS instruments and
are used to discuss instrumental limitations dependent on the ﬂight conditions, partic-
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ularly at low ﬂight altitudes. In the graphs the particle number concentration is given as
15-s running averages, as an appropriate tool to increase the signal-to-noise ratio and
to smooth the natural variability of recorded 1 Hz data. The potential temperature Θ is
chosen as the vertical coordinate.
The upper panel of Fig. 8 depicts a ﬂight on 2 February 2003 (longitude: 10
◦–30
◦
5
east; latitude: 68
◦–76
◦ north) at Arctic regions during the EUropean Polar stratospheric
cloud and Lee-wave EXperiment (EUPLEX). During this campaign both COPAS instru-
ments were commonly operated with the working ﬂuid butanol. For a proof of concept
COPAS-II was operated with diﬀerential temperatures ∆T yielding the same cut-oﬀs of
COPAS-I of dp50=10 nm (cf. Sect. 7). In the lower panel of Fig. 8 data are shown from 10
a ﬂight on 12 February 2005 (longitude: 41
◦–51
◦ west; latitude: 17
◦–21
◦ south) during
the Tropical Convection, CIrrus and Nitrogen OXides Experiment (TROCCINOX), when
both COPAS instruments were operated with FC-43 as the working ﬂuid. The ∆T for
each of the non-heated CPCs was set to yield diﬀerent cut-oﬀ diameters of dp50=6 nm
(n6), dp50=11 nm (n11), and dp50=15 nm (n15), respectively (cf. Sect. 4). COPAS-I 15
measured the total number concentration n11 as well as the non-volatile particle num-
ber (n11 nv). On the right side of each panel the respective fraction of non-volatile
particles is shown.
Comparing those results, the diﬀerent measurement locations immediately become
obvious. The tropical proﬁles, reaching the tropopause at Θ=380 K, clearly show a 20
sharp step of particle number concentration, coincident for all unheated CPC channels,
from 500–1000 cm
−3 (<380 K) down to ∼100 cm
−3. A further continuous decrease
with increasing altitude down to 15–40 cm
−3 at 445 K is observed. Altogether, the
example from our tropical measurements shows very good agreement with previously
published vertical particle distributions (e.g. Brock et al., 1995) up to UT/LS altitudes 25
for undisturbed stratospheric conditions. The polar measurements show a relatively
smooth transition of the particle concentration from 50–200 cm
−3 in tropospheric air
(Θ<370 K – inﬂuenced by air masses from lower latitudes) down to concentrations
mainly below 40 cm
−3 inside the polar winter vortex (Θ>380 K – nearly isolated from
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inﬂuences of lower latitudes). Above the tropopause, with increasing Θ, a continuous
decrease of the particle number down to 10–20 cm
−3 can be observed until 435 K –
above this level the particle number increases again. From the proﬁle of non-volatile
aerosol fraction – with continuous increase with increasing Θ – the enhanced parti-
cle number at Θ>435 K is assumed to mainly contain refractory material (50–70%). 5
Detailed discussions concerning the meteoric origin of this refractory aerosol mate-
rial and the transport processes into the polar winter vortex are given by Curtius et
al. (2005). Compared to the polar example the non-volatile particle fraction of the trop-
ical measurements clearly decreases below 50% above the tropical tropopause, and
above a transition region (Θ>400 K) a nearly constant value of about 25% for the re- 10
fractory aerosol fraction is. While for the polar measurement the refractory material is
discussed to be transported mainly from higher (mesospheric) altitudes with subsiding
air masses into the polar winter vortex (Curtius et al., 2005), at tropical latitudes the
non-volatile particle fraction has a vertically nearly constant value and is most likely
maintained by transport processes between the Tropical Tropopause Layer (TTL) and 15
the stratosphere (Hamill at al., 1997).
Figure 8 illustrates the operational limitations of COPAS. From the vertical proﬁles of
both case studies it is obvious that the data do not extend down to ground level. The
COPAS measurements from ground level to altitudes of 7–12 km have to be analyzed
carefully regarding the data quality. For the particular cases measurement data from 20
ﬂight altitudes lower than 7.5 km (Θ=300 K for the polar measurement) and 11.5 km
(Θ=350 K at tropical latitudes) were rejected if one of the following three aspects lim-
ited the COPAS measurements. For both COPAS instruments, independent on the
measurement site, measurements are usually discarded between take-oﬀ and reach-
ing ﬂight altitudes of ∼7 km because the fast ascent rates of the M-55 “Geophysica” of 25
20–30 m s
−1, with the aim to reach UT/LS altitudes as fast as possible, generally cause
the automated volume ﬂow regulation of COPAS not to work properly. Turbulences oc-
cur in the ﬂow system which severely limit the automatic ﬂow metering and control if
ascent or descent rates exceed 10 m s
−1.
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The second aspect limiting the COPAS operation is given by high ambient temper-
atures at the ground prior to the ﬂights. In particular at locations where ambient tem-
peratures above 30
◦C occur on the airﬁeld (cf. Fig. 2) the cooling system of COPAS
condensers is not work eﬃciently immediately after take-oﬀ. As it is shown in Fig. 2
for the measurement example in tropical regions the oil temperature of the condenser 5
cooling circuit remained clearly above a suﬃcient cooling temperatures of ∼10
◦C until
the aircraft reached an altitude of 12 km. Consequently, data recorded below 12km al-
titude had to be discarded because the correct temperature settings of the condenser
were not reached.
A third limiting aspect of COPAS operation, with respect to low ﬂight altitudes, is 10
caused by the activation properties of the CPC working ﬂuid FC-43 at ambient pres-
sures >400 hPa (cf. Herrmann et al., 2005) – i.e. altitudes below ∼7 km. Above 400 hPa
the CPC cut-oﬀs as well as the maximum asymptotic counting eﬃciency can change
signiﬁcantly. Therefore, for increasing ambient pressure conditions (>400 hPa) en-
larged uncertainties of the COPAS measurement data have to be considered. 15
Generally, for both cases, under arctic as well as tropical conditions, the aerosol
preheating device worked properly during the complete missions. In particular, at ar-
tic conditions where during ﬂight operation ambient temperatures never reached more
than −20
◦C the pre-heating temperature was kept constant at 250
◦C with an uncer-
tainty of less than ±5%. 20
9 Aerosol observation in M-55 “Geophysica” plumes
Several observations of enhanced particle number concentration during two research
ﬂights during the TROCCINOX and the SCOUT missions were caused by crossings of
the M-55 “Geophysica’s” own exhaust at altitudes between 16 and 18km. The plumes
were identiﬁed by simultaneous short term increases in the particle number concen- 25
trations and the concentrations of nitrogen oxides (NOx=NO+NO2) detected by the
German Aerospace Center (DLR) using the chemiluminescence technique (Voigt et
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al., 2005). The NOx instrument on board the M-55 “Geophysica” is described in detail
by Voigt et al. (2006). We can exclude civil aviation as potential source of these parti-
cle and NOx enhancements, as the plumes were detected at altitudes between 16 and
18km, more than 4 km above the cruise altitudes of commercial aircraft. Additional
conﬁdence in the plume crossings was given by air mass back trajectories calculations 5
similar to the method derived by Corti at al. (2008). This combined evidence from in situ
data und trajectory modeling also suggests that it is unlikely, that the enhancements
were caused by lightning.
The 1 Hz-time series of the particle number concentration measured with COPAS-II
during a tropical ﬂight on 5 February 2005 (longitude: 48
◦–54
◦ west; latitude: 19
◦–22
◦
10
south) of the TROCCINOX mission is shown in Fig. 9. The ultra-ﬁne particle number
concentration n6−15 (Fig. 9) is calculated and corrected for diﬀusional losses (κL=1.28,
cf. Sect. 3.3 and Table 3). Two distinct increases, feature 1.1 and 1.2, in particle
concentration occur in this time series. Due to instrumental background measure-
ments of the NOx instrument during feature 1.1 we refrain from a detailed discussion 15
of feature 1.1. Feature 1.2 is caused by the crossing of a M-55 “Geophysica’s” ex-
haust as is supported by simultaneous particle and NOx enhancements. The plume
age was estimated to be in the range of 8000 s as approximated by use of HYS-
PLIT data (HYbrid Single-Particle Lagrangian Integrated Trajectory model – available
at http://www.arl.noaa.gov/ready/hysplit4.html). 20
The second example is taken from a ﬂight on 25 November 2005 (longitude: 127
◦–
132
◦ east; latitude: 9
◦–13
◦ south) during the mission Stratosphere-Climate Links with
Emphasis On the Upper Troposphere and Lower Stratosphere (SCOUT-O3). The 1 Hz-
time series of corrected particle number concentrations is shown in Fig. 10 where three
observations are denoted with feature 2.1, 2.2, and 2.3, respectively. In Fig. 11 the 2-D 25
projection of the ﬂight track is shown indicating high potential of exhaust crossing. The
measurement ﬂight was intended to investigate a single, overshooting convective cell.
Only plume 2.3 can be supported by simultaneous observation of NOx enhancements
although the air mass trajectories for this event are suggestive of a lower probability of
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contrail match than feature 2.1 and 2.2. Therefore, we focus on feature 2.3 in further
analyses with an estimated plume age in the order of 2600 s.
We determined the particle emission indices EI[n] of the M-55 aircraft engines at
UT/LS conditions using the measured enhancements in NOx mixing ratios inside air-
craft exhaust as a normalizing factor. This method has already been applied for other 5
aircraft (Fahey et al., 1995a, b, Schlager et al., 1997; Anderson, et al., 1999), particu-
larly for plume ages in the range of hours. The EI[n] of an aircraft engine, in units of
particle number per kg fuel burned, was calculated by using Eq. (3) (Anderson et al.,
1999).
EI [ni] =

∆ni
∆NOx

· EI [NOx] ·
Mair

ρ · MNO2
 (3) 10
where: ∆ni = particle number concentration in the plume related to background con-
centrations in cm
−3, the index i distinguishes the CPC cut-oﬀ sizes.
∆ NOx = diﬀerential NOx mixing ratio in the plume related to background values, in ppt.
M = molecular Mass, Mair=29u, MNO2=46u.
ρ = air density, in kg m
−3, at ﬂight conditions during observed event. 15
The integrated signal (∆X) of observed enhancement of a species X related to back-
ground conditions is given as:
∆X = ∆tobs
 
Xplume − X0

(4)
Here, ∆tobs is the duration of an enhancement observation and the bracket term is
the diﬀerence of measured number concentrations, or mixing ratio, inside the plume 20
(Xplume) related to background conditions outside the plume (X0).
The EI[NOx] for the M-55 “Geophysica” has to be estimated from a comparison with
the EI[NOx] of the NASA ER-2 aircraft, determined from ground-based experiments
by Fahey et al. (1995b). The M-55 “Geophysica” is a double-engine aircraft (2 × Avi-
advigatel D-30-V12) compared to the NASA ER-2 with a single turbine engine (Pratt 25
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and Whitney J75). According to the speciﬁcations of the engine manufacturer the fuel
consumption of the NASA ER-2 at ﬂight condition is determined to be 727 kg h
−1 with
resulting EI[NOx]ER-2=3.6–4.3 gkg
−1 (Fahey et al., 1995b). The fuel consumption of
the M-55 “Geophysica” is recorded during the ﬂights (in 1Hz time resolution) and av-
eraged for the consumption when the emission occurred for each plume event. For 5
the emission time period related to feature 1.2 the mean fuel consumption for both en-
gines together equals 1518 kgh
−1 during ascent near 16 km altitude, which indicates
an enhanced EI[NOx]M-55 due to engine’s full-load operation. At cruising ﬂight condi-
tions the EI[NOx] of both aircraft might be equal. Nevertheless, the full-load operation
of aircraft engines might increase the fuel-to-oxygen ratio inside the turbines, causing 10
ineﬃcient fuel burning, which aﬀects increased emission indices compared to cruis-
ing conditions. For feature 2.3 the determined fuel consumption equals 846 kg h
−1
in total for both engines at cruising altitude (19 km). As an approximation for this
study only, the NOx emission index for the M-55 “Geophysica” is estimated to range
between EI[NOx]M-55=1–1.5·EI[NOx]ER-2=3.6–6.5 g kg
−1 which is comparable with 15
published NOx emission indices for small aircraft, e.g. the DLR Attas VFW-614 with
EI[NOx]Attas≈7 g kg
−1, or the Boeing B737 with EI[NOx]B737=9.4–11.4 g kg
−1 (Schulte
et al., 1997), the Boeing B727 with EI[NOx]B727=7.7 g kg
−1 (Schumann et al., 1998).
n6, n15, and the ultra-ﬁne particle number concentration n6−15 were used to deter-
mine the EI[ni]M-55 from the plume 1.2 encounter and related background concentra- 20
tions no, outside of the plume: n6 = 1930 cm
−3(for no=220 cm
−3), n15=880 cm
−3 (for
n0=180 cm
−3), and n6−15=1050 cm
−3 (for no=50 cm
−3), as the respective maxima of
particle enhancement occurring for a duration of 5 s. In total the observed particle en-
hancement, but with lower magnitude related to the background, last about 18 s. The
NOx enhancement with ∆NOx=150 ppt was observed simultaneously over 20 s within 25
the plume (at current ﬂight speed correspondent to a distance of 3.3 km).
Measured maxima of the ni during the plume 2.3 observation during 3 seconds
are n6=1910 cm
−3 and n15=1280 cm
−3 (both for no=47 cm
−3), n6−15=830 cm
−3
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at a background concentration of <10 cm
−3, n11=1820 cm
−3 (for no=50 cm
−3) and
n11 nv=990 cm
−3 (for no=25 cm
−3). Here the observed NOx enhancement delivers
∆NOx = 80 ppt for 25 seconds (ﬂight distance of about 4.7 km).
The determined EI[ni]M-55 in the range of 1.4–8.4×10
16 particles per kg fuel are
listed in Table 5 for both cases, together with results for the NASA ER-2 for similar 5
plume ages (Anderson et al., 1999), and the supersonic civil aircraft Concorde (Fa-
hey et al., 1995a) – using two examples of aircraft reaching similar ﬂight altitudes as
the M-55 “Geophysica”. Generally, it can be seen that the EI[ni] for both the M-55
“Geophysica” and the NASA ER-2 show results of the same magnitude. However, an
uncertainty of ±50% has to be considered for the calculated EI [ni]M-55 mainly caused 10
by the uncertainty of estimated EI[NOx]M-55 (assumed to be the largest uncertainty
compared to the accuracy of the particle measurement or the nitrogen oxide detec-
tion). Additional uncertainty is given if for one of the plume events, or both, the M-55
“Geophysica” ﬂight path did not exactly cross the plume’s core. Furthermore, of course,
the processing of aerosol particles, particularly in the ultra-ﬁne size mode, within a time 15
span of up to 8000s has signiﬁcant inﬂuence on the accuracy of calculated EI[ni]M-55.
Despite large uncertainties, our analysis presents a ﬁrst estimate of the EI[ni]M-55 for
the high altitude research aircraft Geophysica.
10 Conclusions
The operation principle and a characterization of the two COndensation PArticle count- 20
ing Systems (COPAS) for aircraft-based measurements on board the high altitude re-
search aircraft M-55 “Geophysica” was presented in this work. The two COPAS instru-
ments, designed for aerosol concentration measurements in the UT/LS region, include
two CPCs each. The operation of three of those CPC channels allows for measure-
ments of the particle number concentration with diﬀerent threshold diameters. Thereby 25
the number concentration of ultra-ﬁne, freshly nucleated particles can be derived. The
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fourth CPC channel is operated with an aerosol pre-heater to quantify the refractory
fraction of the aerosol particles.
The performance of the COPAS aerosol inlet, constructed for application on board
the Russian high altitude research aircraft M-55 “Geophysica”, has been discussed with
respect to aspiration, transmission, and transport. Concerning aspiration and transmis- 5
sion of the COPAS aerosol inlet it is estimated that particles with diameter of up to a
few micrometers enter the aerosol inlet and pass the aerosol lines without signiﬁcant
particle losses. However, concerning the transmission eﬃciency of the aerosol inlet,
only additional wind tunnel studies can provide a complete characterization. Further-
more, within such wind tunnel studies, it should be investigated how the inlet aspiration 10
and transmission eﬃciency can be optimized by use of a shroud as it is used for many
other airborne aerosol measurements (Baumgardner et al., 1991; Murphy and Schein,
1998; Twohey, 1998; Weber et al., 1998). Finally, particle losses inside the inlet sys-
tem are assumed to be negligible for particle sizes smaller than 500 nm, particularly
considering more signiﬁcant uncertainties given by the counting eﬃciency of the CPCs. 15
The counting eﬃciency as a function of particle size and pressure was determined
for each of the four COPAS CPC channels. The result of this CPC characterization
allows to set the cut-oﬀs to diﬀerent particle sizes. For our measurements, the cut-
oﬀ sizes were typically set to dp50=6 nm (COPAS-II-2), dp50=11 nm (COPAS-I-2) and
dp50=15 nm (COPAS-II-1). From the diﬀerent readings of the three counters, recent nu- 20
cleation events can be identiﬁed by diﬀerentiation. The aerosol pre-heater (upstream
of COPAS-I-1 with dp50=11 nm), which was characterized with respect to its ability
to completely vaporize pure H2SO4-H2O droplets, allows for physico-chemical aerosol
studies concerning the volatility of the UT/LS aerosol. A pre-heating temperature of
250
◦C was chosen to volatilize the main component of UT/LS aerosol, namely H2SO4- 25
H2O. These volatility investigations are related to the stratospheric refractory aerosol
components which might have a substantial inﬂuence on the stratospheric aerosol
properties and heterogeneous chemistry in the stratosphere.
With several case studies the performance of the COPAS instruments, even under
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extreme ambient conditions, was demonstrated. Cross- correlations of two COPAS
channels, for two channels of the same COPAS and for two channels of two indepen-
dent COPAS instruments, illustrate the high consistency of the COPAS measurements.
Two randomly chosen ﬂight examples were used to describe possible outcome of the
COPAS measurements and, furthermore, the instrumental limitations with respect to 5
ﬂight altitude.
Enhanced ascent and descent rates of the measurement platform are an important
issue having signiﬁcant impact on the performance of the COPAS particularly at lower-
most ﬂight altitudes. Ascent and descent rates exceeding 10 m s
−1 up to ﬂight altitudes
of 7–12 km signiﬁcantly impact the reliability of COPAS measurements. Other ambient 10
conditions, with far-reaching impact on the measurement performance of COPAS, are
given by ambient air temperatures. Generally, cooling circuit oil temperatures of >10
◦C
force the diﬀerential temperature of the COPAS CPCs to deviate from the settings which
the instrument is calibrated for. Measurements made on deviated CPC temperatures
are corrupt and they have to be rejected from analysis. Ground air temperatures of up 15
to 15
◦C have minimal inﬂuence.
Finally, particle emission indices EI[ni]M-55 were estimated for the M-55 “Geophys-
ica” from two plume crossings as indicated by enhanced particle number concentra-
tions and simultaneously increased NOx mixing ratios. The derived EI[ni]M-55 are com-
parable to results of the NASA ER-2, nevertheless accuracy of estimated EI[ni]M-55 20
ranges within ±50%. Further, it could be shown that due to the independent CPC
channels with diﬀerent cut-oﬀs the COPAS instruments are generally able to deliver
size-segregating measurements with high time resolution to carry out such studies of
short events.
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Table 1. Particle losses (in %) as a function of particle size inside aerosol tubes as a function of
atmospheric pressure for the three regular (non-heated) COPAS channels and for the COPAS
channels with pre-heated aerosol line with variable inner diameter (from 6 mm to 12 mm and
back to 6 mm) – determined from calculations according to Baron and Willeke (2001).
pressure in hPa particle diameter in nm
6 8 10 12 14 16 18 20 35 50 100 1000
regular channels
70 65 50 41 34 29 25 22 20 10 7 3 <1
300 51 39 31 25 21 19 16 14 7 5 2 <1
600 47 36 28 23 20 17 15 13 6 4 2 <1
pre-heated channel
70 95 85 74 65 57 50 45 41 23 16 7 1
300 85 71 60 51 44 39 35 31 17 12 6 1
600 82 67 56 48 41 36 32 29 16 11 5 1
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Table 2. Pressure dependent particle losses (in %) inside the aerosol tubes. Resulting correc-
tion factor κL are exclusively used for the ultra-ﬁne size fraction n6−15 determined from results
of COPAS-II.
pressure in hPa particle diameter in nm resulting κL
6 7 8 9 10 11 12 14 15
70 36 30 26 23 20 18 16 14 13 1.28
150 31 26 22 20 17 16 14 12 11 1.23
300 26 22 19 17 15 13 12 10 9 1.19
400 22 19 16 14 13 11 10 8 7 1.15
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Table 3. Resulting lower threshold diameters of each COPAS channel obtained from the ex-
perimental CPC characterization studies at two operating pressure conditions and with Ag-
particles.
pressure in hPa dp50 (in nm)± ¯ ση (in nm)
COPAS-I channel COPAS-II channel
1 2 1 2
70 12.4±1.8 9.5±1.1 12.3±0.6 6.0±0.3
300 11.1±1.0 10.6±0.7 18.8±0.9 6.6±0.2
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Table 4. Pressure dependent volume ﬂow rates for the COPAS CPCs and according residence
times for the aerosol particles inside the photo-optical detector volume.
pressure p in hPa volume ﬂow Q in cm
3 s
−1 residence time t in µs
70 16.4 0.6
150 10.1 1
300 6.1 1.5
600 4 2.5
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Table 5. Particle EI values for the M-55 “Geophysica” estimated from two crossings of the own
exhaust plume at diﬀerent plume ages (pa) in relation to according EI of other high altitude
reaching aircraft, the NASA ER-2 (Anderson et al., 1999) and the Concorde (Fahey et al.,
1995a) – other CPC cut-oﬀs than given for COPAS are denoted within brackets behind the EI
value.
EI[ni]×10
16 M-55 “Geophysica” NASA ER-2 Concorde
kg
−1 fuel burned feature 1.2 feature 2.3 pa:∼8000 s pa:∼2600 s averages for
pa: 8000 s pa: 2600 s pa: 960–3480
EI[n6] 3.5–6.3 4.7–8.4 13 (n8) 10.4 (n8) 17–65 (n8)
EI[n11] – 4.4–8.0
EI[n15] 1.4–2.6 3.1–5.6 14.4 (n17) 9 (n17) –
EI[n6−15] 2.0–3.7 2.1–3.8 – – –
EI[n11 nv] – 2.4–4.4 0.43 (n17 nv) 0.3 (n17 nv) 7.2 (n8 nv)
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Fig. 1. Flow scheme of a COPAS CPC channel. Two of these counter channels are imple-
mented in one COPAS instrument unit. Two COPAS units (with two CPC channels each) are
mounted at diﬀerent locations on the M-55 “Geophysica”.
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Fig. 2. Vertical ambient temperature proﬁle and the recorded temperature of the cooling oil
circuit during a ﬂight (12. February 2005, longitude: 41
◦–51
◦ west; latitude: 17
◦–21
◦ south) in
tropical regions (State of S˜ ao Paolo, Brazil).
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Figure 3  1171 
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Fig. 3. The COPAS aerosol inlet for measurements on-board the Russian high altitude research
aircraft M-55 “Geophysica”. The inlet head consists of a diﬀuser-type entrance with sharp inlet
lips. Inside the head, the so-called probe is implemented, also equipped with a diﬀuser-type
inlet with sharp lips. The inlet shaft includes the aerosol intake and exhaust lines as well as the
heat exchanger pipes for the silicone oil coolant circuit (Dimensions in millimeter).
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Fig. 4. Air velocity contour plot for the COPAS-inlet from FLUENT CFD calculations. For the
model calculation, a free ﬂow velocity of 170 m s
−1 and an absolute ambient pressure of 50 hPa
as well as compressible conditions are assumed.
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Figure 5  1239 
  1240 
  1241  Fig. 5. Results of the experimental COPAS CPC cut-oﬀ characterizations compared to an
Aerosol Electrometer (AE) at two diﬀerent system pressures, 70 hPa and 300 hPa. Graphs (A)
and (B) show the counting eﬃciency curves of COPAS-I, channel 1 (red) and channel 2 (black)
operating with a common ∆T of 30
◦C. The mounted (but not heated) heating line at the aerosol
tube of channel 1 and the associated additional particle losses explain the observed diﬀerences
between the curves. Graphs (C) and (D) show the result of COPAS-II channel 1 (green) and
channel 2 (pink) operated with diﬀerent ∆T.
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Fig. 6. Result of the experimental aerosol heating line characterization with pure H2SO4-H2O
aerosol at a pre-heating temperature of 250
◦C for three operating pressures: 70 hPa, 150 hPa,
and 300 hPa. The comparison was made between the pre-heated (red) and the non-heated
(black) channel of COPAS-I. Note the diﬀerent scales of the ordinates.
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Figure 7  1307 
  1308 
  1309 
Fig. 7. Correlation of COPAS ambient particle number density measurements (15 s running
averaged) from six ﬂights in the arctic lower stratosphere when both COPAS instruments were
operated with butanol as well as the same ∆T and therefore identical cut-oﬀs. (A) COPAS-II
inter-comparison between two channels of the same instrument with a correlation coeﬃcient of
0.996. (B) Cross-comparison between one channel of COPAS-I and one channel of COPAS-II
with a correlation coeﬃcient of 0.985 (adapted from Curtius et al., 2005).
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Figure 8  1340 
  1341 
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  1343 
Fig. 8. Vertical proﬁles of particle number concentration (left) and the vertical distribution of the
refractory aerosol fraction (right) measured by COPAS at two diﬀerent measurement locations.
Data are shown as 15-second running averaged versus potential temperature as the vertical
coordinate. Upper panel: Flight example from 02 February 2003 (longitude: 10
◦–30
◦ east; lat-
itude: 68
◦–76
◦ north) during the polar mission EUPLEX. COPAS working ﬂuid: butanol. Lower
panel: Flight example from 12 February 2005 (longitude: 41
◦–51
◦ west; latitude: 17
◦–21
◦ south)
during the tropical mission TROCCINOX. COPAS working ﬂuid: FC-43.
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Fig. 9. Time series of COPAS measurements during the ﬂight on 5 February 2005 (longitude:
48
◦–54
◦ west; latitude: 19
◦–22
◦ south). Displayed are the measured (1 Hz) ambient particle
number concentration n6 (pink) and n15 (green) of COPAS-II as well as the GPS-altitude during
the ﬂight (grey line). Two observations of enhanced particle number concentrations are denoted
as feature 1.1 and feature 1.2. Additionally, the time series of the ultra-ﬁne particle number
concentration diﬀerence between n6 and n15 (n6−15) (purple dots) is shown, corrections for
coincidence and for particle losses inside the sample lines have been applied.
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Fig. 10. Time series of COPAS measurements during the ﬂight on 25 November 2005 (lon-
gitude: 127
◦–132
◦ east; latitude: 9
◦–13
◦ south). Displayed are the measured particle number
concentration n6 (pink), n11 (black), and n15 (green) as well as n10 nv (red) and n6−15 (purple
dots), corrections for coincidence and for particle losses inside the sample lines have been
applied. The GPS-altitude during the ﬂight is indicated (grey). Three observations of enhanced
particle number concentrations are denoted as feature 2.1, 2.2 and feature 2.3.
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Fig. 11. Projection of the ﬂight path for 25 November 2005. The ﬂight path is shown by the
black line, potential plume encounters are labelled as feature 2.1, 2.2, and 2.3 respectively.
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